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ABSTRACT 
Observational advances in the infrared and radio astronomy has offered 
new opportunities to detect radio recombination lines over a wide range of 
frequencies ~ 20 MHz to 1 THz (i.e. principal quantum number n ~ 20 to 1000) 
and also studying interstellar medium under variety of physical conditions (i.e. hot 
ultra compact objects to cool tenuous gas) (Zhao et al., 1996; Araya et a!., 2002; 
Konovalenko et al., 2002; Rovenskaya, 2005 and Stepkins et al., 2007). We 
discuss in this dissertation the atomic physics that are important for the line 
broadening and calculation of departure coefficient from thermodynamic 
equilibrium (bn) for various highly excited states of atoms. For the calculation of 
bn factor, statistical equilibrium is established and level population are solved for 
each level and maser action pn is also calculated. 
Departure coefficients (bn) show asymptotes to illustrate that in the dense 
medium where collision rates dominate the level population, bn factor is near 
unity. On the other hand in the cool low density medium where radiative 
processes dominate the departure coefficient is well below 1. Maser action 3n 
demonstrate that high frequency (i.e. low n) radio recombination lines (RRLs) can 
only be observed from the region where density is sufficiently high and the 
medium is compact. Contrary to that for low frequency RRLs (involving high n) 
amplification factor is high and these lines are emitted from cool and tenuous 
gas. 
A preliminary calculation of line brightness temperature Tub shows that 
high frequency RRLs are emitted from hot dense and compact object and low 
frequency radio recombination lines are emitted from cool and tenuous gas as 
discussed in the preceding paragraph. From this calculation it may be specified 
that radio recombination is one of the tool for probe of the macro world of the 
Astrophysics i.e. structure and physical conditions inside the line emitting region 
and also micro world where the largest bound states of the atoms are involved. 
CHAPTER -1 
1. Introduction 
The Dutch astronomer, van de Hulst (1945), was the first to 
consider the possibility of radio line radiation from transitions between 
highly excited levels of atoms in the interstellar medium (ISM). In the same 
classical paper that predicted the A2\ cm line, van de Hulst also 
considered radiation from ionized hydrogen for both free- free and bound-
bound transitions. A major step fonward in the study of interstellar matter 
was infact, made with the discovery of 21 cm hyperfine line of hydrogen 
(Wild 1952). Wild (1952) also considered radio recombination lines but 
dismissed them because " these lines are so numerous that, without the 
presence of some selection mechanism they may be regarded merely as 
contributing toward a continuous spectrum". 
However, the discovery of 21 cm line of hydrogen led to the 
possibility of detecting other spectral lines by the radio astronomical 
techniques. Kardashev (1959) first predicted that the radio recombination 
lines of hydrogen could be detected from the HII region with the 
equipment available at that line. Following these predictions Dravaskikh 
and Dravaskikh (1964) at Pulkavo observatory first detected the radio 
recombination lines at 5762 MHz for the level transition « = 105->104 in 
Orion A and M17 using 32-m radio telescope, while Sorochenko and 
Borodzich (1965), Lebedev group at Physical Institute at Puchino, 
detected hydrogen radio line n = 91 ->90 at 8872.5 MHz using 22-m radio 
telescope in the spectrum of Omega nebula. 
The detection obtained by the P.N. Lebedev and Puikovo 
observatory groups confirmed each other and the detection was presented 
to the XII lAU General Assembly in Hamburg, Germany. Using 140 ft 
(42.6m) telescope of Green Bank, West Virginia, Hoglund and Mezger 
(1965) were able to detect the H109a lines (5GHz). With these detections, 
the dam had broken, and sooner the other radio astronomical groups, 
Lilley et al. (1966), Harvard radio astronomy group reported the detection 
of RRLs H156a and H158a lines near A18 cm in the Omega and W51 
nebula. Gardener and McGee (1967) reported the detection of a number 
of hydrogen a and/? RRLs at frequencies of 1.4 and 3.3GHz with the 210 
ft (64m) telescope in Parkes, Australia. Gordon and Meeks (1967) 
observed 94a line at 7.8 GHZ from both hydrogen and helium in Orion. 
Palmer et al. (1967) detected radio recombination lines with somewhat 
higher frequency than the HI09a line in NGC 2025 and 101795 nebulae. It 
was later identified as 0109a line of atomic carbon (Goldberg and Dupree, 
1967; Zuckerman and Palmer, 1968). 
Over the 40 years after their first detection, radio recombination 
lines has been observed covering a range from (n=6 to 1009) with the 
lowest bound state near 30THz from MWC 349A and giant Hll regions 
close to the nucleus of the nearby star burst galaxy M82 and the highest 
bound state near 20 MHz towards CasA (Cox et al., 1995; Seaquist et al.. 
1994; Condon et al. 1998; Konovalenko et al., 2002). At very early stage it 
became evident that RRLs would be a source of vast information about 
the micro world of Astrophysics such as the features of the highly excited 
atoms, as well as about macro world of the Astronomical bodies such as 
structure and physical conditions of the surrounding cosmic space. 
The first observation of radio recombination lines gave surprising 
results. The newly detected line profiles (Sorochenko and Borodzich, 
1965; Hoglund and Mezger, 1965; Lilley et al., 1966) showed neither stark 
broadening individually nor the variation in the stark broadening with 
increasing quantum number n as predicted by theory. All the RRLs 
observed in the Omega nebula (Ml7) with principal quantum number up to 
n=166 with in the accuracy of the measurement, had constant ratio of line 
width to frequency, indicating pure Doppler broadening. 
In the beginning, the research workers concentrated almost 
extensively on the observation and interpretations of these lines from the 
classics HII regions. However, later observational advance especially in 
the radio and infrared astronomy, offered new opportunities for studying 
the interstellar medium under a variety of inaccessible conditions. With 
further improvement in the sensitivity of the telescope and receiver, it 
became evident that RRLs would be a source of vast information to 
explore much broader range of phenomenon about the micro world of 
astrophysics such as the features of highly excited atoms, as well as 
about macro world of astronomical bodies such as structure of galactic 
and extragalactic medium, Active Galactic Nuclei and Radio galaxies. 
Besides studying the thermo dynamical structure of ionized regions, 
recombination lines have been used for diagnostic purposes, as diverse 
as the investigations of magnetic field, abundance determination and 
kinetic studies etc. 
During the last decade the physics of formation and transfer of 
radio recombination lines in both hot and cold gas in compact and diffuse 
regions has been thoroughly described and many troublesome questions 
have been settled. It has been now recognized that observed radio-line 
emission sensitivity depends on LTE effects, on the density and density 
structure of various species in the line emitting region, on temperature and 
temperature structures, field within the region (Zhao et al., 1996; Sofia et 
al., 1997; Araya et al., 2002; Roshi et al., 2007). The lines are sensitive to 
so many parameters of the region in which they are formed that they can 
be regarded as a blessing, for carrying detailed information about the 
region. Therefore, radio recombination lines from ionized species offer a 
direct method with the help of which, the studies of the structure and 
physical conditions with in the various component of the interstellar 
medium are carried out. As a matter of fact there is no fundamental 
difference between the analysis of radio recombination lines from the hot 
or cold regions of the diffuse and (or) compact regions. Therefore, in this 
study we are presenting a preliminary result for general conditions. 
In the following chapter 2 a brief history of radio astronomy is 
described. In chapter 3 we discuss the atomic physics that are important 
for the line broadening and calculation of departure coefficient from 
thermodynamic equilibrium (bn) for various highly excited states of atoms. 
For the calculation of bn factor, statistical equilibrium is established and 
level population are solved for each level. The calculated bn factor is 
presented in Figure 1. The maser action is presented in Figures 2, 3 and 4 
for various conditions. In the chapter 4 we have discussed the solution of 
radiative transfer equation for various conditions of radio recombination 
line emitting regions. A preliminary calculation for the brightness 
temperature (TLb) for various radio recombination lines are presented in 
Figures 5 and 6 under variety of electron densities. The chapter 5 is 
devoted to the summary and conclusion inferred from our theoretical 
calculations. The last section is devoted to future programme. 
CHAPTER -2 
2. Spectral Lines in Radio Astronomy and Its Detection 
The early history of radio astronomy begins in 1894, with Sir Oliver 
Lodge. Lodge attempted detection of radiation from the sun at centimeter 
wavelengths. Unfortunately over the next forty years, further attempts also 
failed due to inadequate detection techniques. The more recent history of 
radio astronomy begins in 1931 when an American engineer named Karl 
Jansky, while working for Bell Telephone Laboratories, was the first to 
detect radio emission from the Galaxy. The work done by Jansky included 
receiving frequencies in the range of 15 to 30MHz (approximately 15-m 
wavelengths). Jansky published three reports on his findings, which were 
largely ignored for many years to come. The field of radio astronomy 
would eventually recognize him with a unit named for him; the Jansky is 
equivalent to 10"^ ^ watts per m^ per Hz. 
In 1937 Grote Reber, also a radio engineer, read about Jansky's 
work. Reber built a parabolic, 9.5-m diameter, reflector dish in his 
backyard. This was the first radio telescope used for astronomical 
research. Reber spent years studying cosmic radio waves at various 
wavelengths, while other astronomers still didn't get involved. He finally 
detected celestial radio emission at approximately 2-m. Reber continued 
his investigations of radio sources and confirmed that radio emission 
arose from the Galactic plane. Reber, in 1944, published the first radio 
frequency sky maps. 
The first observation of radio emission from the sun was made in 
1942, by J.S. Hey. Hey was working with the British Army Operational 
Research Group analyzing all occurrences of jamming of Army radar sets. 
A system for observing and recording jamming was organized. This 
eventually led Hey to conclude that the sun was radiating intense radio 
emission. Later that same year, G.C. South worth made the first 
successful observations of thermal radio emission from the sun; he did 
this at centimeter wavelengths. The next important discovery regarding 
radio waves from beyond the solar system were discrete sources of 
emission. In 1946, J.S. Hey, S.J. Parsons, and J.W. Phillips observed 
fluctuations in the intensity of cosmic radio waves from the constellation 
Cygnus. In the next ten years thousands of discrete sources were 
identified, including galaxies and supernovae. 
Most gases in galaxies are invisible to optical telescopes but can be 
seen by radio telescopes. Fast moving electrons, neutral atoms and 
molecules generously emit at radio wavelengths. In 1951, H. I. Ewen and 
E. M. Purcell detected the 21cm spectral line emission from neutral 
Hydrogen that fell into the radio spectrum. For the first time, astronomers 
could determine the shape of our own home galaxy. 
In 1963 Bell Laboratories assigned Arno Penzias and Robert 
Wilson the task of tracing the radio noise that was interfering with the 
development of communication satellites. Penzias and Wilson discovered 
that no matter where the antenna was pointed there was always non-zero 
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noise strength, even where the sky was visibly empty. A simple solution 
would have been to reset their receivers to zero, but they persisted in 
tracing the source. This major discovery made by Penzias and Wilson was 
the cosmic background radiation and the strongest evidence for the big 
bang. Penzias and Wilson won the Nobel Prize in physics for their 
discovery in 1978. 
In the late 1960's, radio pulsars, predicted only by theories of stellar 
evolution, were discovered by Jocelyn Bell-Burnell and Anthony Hewish. 
Bell-Burnell and Hewish were working at what is now called the Nuffield 
Radio Astronomy Observatory at Cambridge, England. Pulsars are very 
strongly magnetized, spinning neutron stars. Neutron stars are so dense 
that one teaspoon of this star would weigh as much as all the cars and 
trucks in the U.S. put together. Anthony Hewish and Martin Ryle won the 
Nobel prize for this discovery in 1974. 
The study of radio recombination lines can be said to date from the 
prediction by Kardashev (1959), those high n transitions of both hydrogen 
and helium emitted by ionized gas in the Galaxy should be detectable. 
This prediction was confirmed a few years later by Dravskikh and 
Dravskikh (1964), Sorochenko and Borodzich (1965) and by Hoglund and 
Mezger (1965). In the approximately 40 years since then, the 
Astronomical study of and diagnostic use of radio recombination lines of 
hydrogen, helium, carbon and other heavy elements have formed an 
important part of observational radio astronomy covering a range of 
frequencies from 20MHz to 1THz (excited states from n= 20 to 1000). In 
addition to these spectral lines rotational lines from CO, H2CO, OH and 
large number of other molecules were also observed from diffuse and 
dense clouds of gases in the radio and near radio region. The infrared 
transitions near to the radio spectra from hyperfine transitions of ionized 
and neutral carbon, neutral oxygen and some other heavier elements also 
contributed significantly to the line spectrum observations. 
These spectral lines are found to be a powerful diagnostics of 
conditions in astronomical objects. Doppler shifts of line frequencies 
measure radial velocities. These velocities yield the red shifts and Hubble 
distances of extragalactic sources, as well as the rotation curves and 
radial mass distributions for resolved galaxies. Collapse speeds, turbulent 
velocities, and thermal motions contribute to line broadening in Galactic 
sources. The physical conditions (e.g., temperature and density) and 
chemistry of HII regions, dust-obscured dense molecular clouds, and 
diffuse interstellar gas are studied through these spectral-line 
observations. 
Some characteristics of radio spectral lines include: 
(1) Natural line widths much smaller than Doppler-broadened line 
widths, so very small changes in radial velocity can be measured. 
(2) Stimulated emission for hv « kT which causes line opacities to 
vary as T"^  and favors the formation of natural masers. 
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(3) The ability to penetrate dust in our Galaxy and in other galaxies, 
allowing the detection of line emission from dusty molecular clouds, proto-
stars, and molecular disks orbiting AGNs. 
(4) In practice, frequency (inverse time) can be measured with much 
higher precision than wavelength (length), so very sensitive searches for 
small changes in the fundamental physical constants over cosmic 
timescales can be made. 
Most of the interstellar medium (ISM) in our Galaxy is in rough pressure 
equilibrium because mass motions with speeds up to the speed of sound 
act to reduce pressure gradients quickly. Temperatures equilibrate more 
slowly, so there are wide ranges of the (temperature density) product 
consistent with a given pressure. Consequently, there are four important 
phases of the ISM having comparable pressures: 
(1) Cold (10's of K) dense molecular clouds, 
(2) Cool (-10^ K) neutral HI gas, 
(3) Warm (-10'* K) ionized HII gas and 
(4) Hot (~10^ K) low-density ionized gas (in bubbles formed by 
expanding supernova remnants, for example). All but the hot phase are 
sources of radio spectral lines. 
It has been now recognized that observed radio-line emission sensitivity 
depends on LTE effects, on the density and density structure of various 
species in the line emitting region, on temperature and temperature 
structures, field within the region (Zhao et al. 1996; Sofia et al., 1997; 
Araya et al., 2002; Roshi et al., 2007). The lines are sensitive to so many 
parameters of the region in which they are formed that they can be 
regarded as a blessing, for carrying detailed information about the region. 
Therefore, radio recombination lines from ionized species offer a direct 
method with the help of which, the studies of the structure and physical 
conditions with in the various component of the interstellar medium are 
carried out. As a matter of fact there is no fundamental difference between 
the analysis of radio recombination lines from the hot or cold regions of 
the diffuse and (or) compact regions. 
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CHAPTER-3 
3. Radio Recombination Lines 
Over the 40 years after their first detection, radio recombination 
lines from the bound atoms with n ~ 20 to 1000 ( a range of frequency 20 
MHz to 1THz) from hydrogen, helium, carbon, sulfur, etc. have formed an 
important part of observational radio astronomy. This could have become 
possible using the major radio telescopes that operate at meter and sub 
millimeter wavelengths (e.g. UTR-2 Telescope near Kharkov in Ukraine, 
15m James Clark Maxwell Telescope (JMCT), 10m Caltech Sub millimeter 
Observatory (CSO), 15m Swedish European Sub millimeter Telescope 
Observatory (SEST), and 10 m Sub millimeter Telescope Observatory 
(SMTO) in Arizona). These lines have become an important probe for the 
tenuous and cool as well as hot and dense interstellar plasma 
investigations. 
If we assume that the physical properties of the line emitting gas 
observed in the galactic disks, giant HII regions close to the nucleus of 
nearby starburst galaxy M82 are similar to those towards CasA then the 
total contribution from pressure, radiation and Doppler broadening would 
be negligible ~ 1 Km s'\ Comparing this with the observed line widths 
ranging from ~ 1 to 48 Km S'\ it is clear that the cause of line broadening 
lies elsewhere. Therefore, a detailed study of the broadening of the radio 
recombination lines is required. 
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It is now established fact that Thermodynamic Equilibrium does not 
exist in the regions emitting radio recombination lines. At the same time 
due to non LTE effect maser actions have also been observed for almost 
all the lines depending upon the local conditions of the plasma. Therefore, 
an attempt is here made for the calculation of departure coefficients (bn) 
from Thermodynamic Equilibrium and also the effect of maser action on 
the line brightness temperature. 
3.1 Broadening of Radio Recombination Lines 
The early detected line profiles (Sorochenko and Borodzich, 1965; 
Hoglund and Mezger, 1965; Lilley et al., 1966) showed neither the Stark 
broadening individually nor the variation in Stark broadening with 
increasing quantum number n as predicted by theory. All the RRLs 
observed in the Omega nebula (M17) with principal quantum numbers up 
to n=166, within the accuracy of the measurements, had constant ratios of 
lie width to frequency. This indicated pure Doppler broadening, van de 
Hulst's (1945) pessimistic prediction that pressure broadening of the 
excited hydrogen lines would render them unobservable in the radio range 
was incorrect. The calculations of the line width based on the theory of 
spectral line broadening by plasmas (Sorochenko, 1965) seemed to fit the 
observations better in the sense that the new theory allows their 
detectability. The revised theory predicts that, for Ne=500 cm'^, the 
minimum possible value of the electron density in the gaseous nebulae 
(Hll regions), Stark broadening should begin to manifest itself no Stark 
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broadening at all. At n=166, the line width should be ten times the value 
observed. RRLs would be observable at substantially higher transitions 
than previously assumed. This suggested that RRLs could be a new tool 
for astronomers. 
Some important line broadening mechanisms are discussed here. 
(a) Natural Broadening 
It results from the finite length of the emitted wave train and the 
variation of its amplitude over the emission time. It is an intrinsic property 
of the atom. We consider atoms as oscillating electric dipoles. From the 
moment that t=0, the energy of an oscillator decreases as E{t) = E^e^'^''^\ 
where damping constant, 
r = e^Vo^ (3.1.1) 
and vo is the central frequency of oscillation and m is the mass of the 
oscillator. This damping characteristic determines the frequency spectrum 
of the oscillator, (Lorentz, 1906). If the intensity of the oscillator 
is/(/) = e '^^ '^ ''V'^ '^ ^\ its complex spectrum results from the Fourier 
transform (Bracewell, 1965) 
CO 
F(v/)= J/(/)e-''^'t// (3.1.2) 
- 0 0 
and the real spectrum, 
00 
(j>,^\F\v)F{y)dt (3.1.3) 
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= -r ^ n (3.1.4) 
Normalization condition gives, 
00 
\(^{v)dv = \ (3.1.5) 
- c o 
Equation (3.1.4) is then the spectrum of the oscillator known as a Lorentz 
profile. The full width of the Lorentz profile at half intensity AV^^ is 
r/(2;;r).Now we apply quantum mechanics for the derivation of the 
Lorentz profile. 
Heisenberg Uncertainty Principle gives, 
At 
-•frj:K. (3.1.6) 
where, the sum is taken over all of the transition coefficients /?„„ 
depopulating the level, from n->m. This relationship shows that the width 
{AV= y, ) of a spectral line must be related to the inverse lifetime of its 
quantum levels, that is, to the net transition rate out of its levels. The line 
width AV^ of (3.1.4) equal to the sum of the damping constants for the 
upper and lower quantum levels n and m, (Weisskopf and Wigner, 
1930) .respectively, 
r - r „ + r „ (3.1.7) 
T T 
n m 
(3.1.8) 
The total spontaneous rate of level m, or r „ , is 
n-\ 
r„=I<„ (3.1.9) 
m=\ 
We can write r „ in a similar way. 
The full width of the line at half maximum then is 
Inv^ 
(3.1.10) 
(3.1.11) 
Because the damping constants, r^ are about the same for both upper 
and lower levels of normal RRLs involving large values of n and 
when, 
m-n « m, n, (3.1.11) can be written as. 
Vo ^'"o "=1 
(3.1.12) 
Sobelman et al. (1995) gives a useful approximation to estimate the sum. 
An, of the spontaneous transition probabilities out of level n. 
^ « 2.4*10'" ln« for n>20 (3.1.13) 
Finally we find an expression for the natural width of RRLs, 
AV 1.2*10-'ln« (3.1.14) 
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which gives a fractional natural width of 4.5*10"^° or 1.3*10"^  kms"^  for the 
H109a line, for example. This natural width is negligibly small compared to 
other types of broadening. 
(b) Doppler Broadening 
For a gas with a Maxwell-Boltzmann velocity distribution, the 
probability of an atom having a velocity component between V^ and 
V +dV along a line of sight trough the nebula is then, 
N 
( M f ( MV^\ 
^ 2kT ^ 
dV, (3.1.15) 
where N is the total number of atoms contributing photons to the line and 
M is the mass of the atoms of that species. 
The line profile ^^ (K) of the Doppler- broadened line is, 
<l>a{V) = AXnir 1 
n AV^ 
-exp - 4 In 2 
(V.-V\ 
V ^^r; J 
(3.1.16) 
where AV^ is the full width of the thermally broadened, Gaussian line at 
half intensity and is obtained by equating the exponential arguments of 
(3.1.16) and (3.1.17). We find. 
AVc»7.16233*10-' (3.1.17) 
where the mass M is in units of amu ant T, in Kelvins. 
Micro turbulence also contributes to the Doppler profile of the RRL. In the 
presence of turbulence the Doppler width can be written as. 
AF,=(41n2f J ^ + F/ (3.1.18) 
in terms of gas temperature and the turbulence velocity Vj. 
(c) Stark Broadening of RRLs 
The third and the most important mechanism for RRLs broadening 
is in the form of "pressure broadening" called the Stark effect. It consists of 
the splitting and displacement of atomic energy levels by the superposition 
of an external electric field. When the electron is in a non-circular orbit, 
there is an electric dipole moment that responds to the application of an 
electric field. Early laboratory measurements referred to two kinds: "linear" 
in which the displacement of the emission line is linearly proportional to 
the strength of the electric field and "quadratic" which has a square-law 
dependency on the electric field strength. The linear type occurs for weak 
electric fields; the quadratic; for strong fields. The effect was discovered 
By Stark (1913) not long before the quantum theory of atom was created. 
Because of widely varying conditions within interstellar plasmas 
and stellar atmospheres, no unified theory of Stark broadening exists for 
astronomical applications. Instead, astronomers select an approximation 
appropriate to the particular environment they are considering. Impact and 
quasi-stafic theories of Stark broadening give significantly different 
relafions for the line profiles. For a given physical situation, only one 
approximafion can be used for a species of the perturbers. For a given 
kind of perturbers, the approximation must be either impact or quasi-static-
not both. To calculate the linear Stark broadening of RRL, we need to 
determine which of the two mathematical approximations is appropriate for 
a particular situation. This test depends upon both the temperature 
(relative particle speeds) and density (relative Inter-particle distances) that 
determine the mean free path of the Ionized particles within the plasma. 
The higher mass and, therefore, slower moving Ions may require a 
different approximation for Stark broadening than the lighter and faster 
moving electrons, so that in principle both quasi-static and Impact 
broadening approximations may appropriate for the same plasma: the 
former describing collisions with the atoms by the Ions: the latter, by the 
electrons. 
Weisskopf radius 
One way (Weisskopf, 1932) to characterize the size of the phase 
disruptions Induced by individual perturbers Is In terms of an "impact 
parameter," the closest distance between a perturber and an emitting 
atom. The value of the Impact parameter which gives a phase shifts of 1 
radian is called the Weisskopf radius". The Weisskopf radius is given by 
the formula, 
where po is the Weisskopf radius (impact parameter), and 
r(l/2)r(«-l/2) 
r(V2) 
= ^ , 2 , ^ , j / , . . . for, n= 2, 3,4, 3, 2,.... (3.1.21) 
20 
Cn, is a constant of proportionality appropriate for the exponent n, v Is the 
constant speed of the charged particle moving in a straight line past an 
emitting atom. The parameters n= 2, 3, 4, and 6 correspond to the 
Interaction laws of the linear stark effect, resonance broadening, quadratic 
stark effect and van der Walls broadening respectively. For most of the 
stronger Stark components of RRLs where n » A « > 1, the Weisskopf radius 
for RRLs from Hi! regions Is given by, 
3zh 
PQ= «A« n»A«>l (3.1.22) 
2mv 
where, n Is the parabolic quantum number. The above formula Is for linear 
Stark effect for which exponent n Is equal to 2. 
Applying (3.1.22) to RRLs from astronomical HII regions, we obtain 
appropriate mathematical model for calculating Stark broadening. If the 
Inter-particle distance (ro~N'^ '^ ) of the ionized gas satisfies the relation 
below, 
N-"'»p,, (3.1.23) 
the collisions will likely be discrete and well separated, that Is the Impact 
approximation would be appropriate mathematical model for calculating 
the line broadening. Quantitatively, the validity region for impact 
broadening by electrons Is, 
w « 208,000 T 
\0*K 
' l i f ^ (3.1.24) 
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Substituting appropriate values of T and Ne, we conclude that the impact 
approximation is appropriate one, for calculating Stark broadening for 
RRLs from most HII regions for either ions or electrons. 
Calculations showed that Stark broadening would be important for 
RRLs with transitions with n>100 (Sorochenko, 1965).The early 
observations of RRLs disagreed with the broadening theory. Observations 
indicated the necessity of revising Stark broadening theory for hydrogenic 
atoms in an astrophysical plasma. Examination of the available impact 
theory in terms of elastic and inelastic impact broadening, gave further 
simplifications. Therefore, for Stark broadening of RRLs in HII regions, the 
impact approximation is the appropriate one. In collisions of excited atoms 
with electrons, both elastic and inelastic types can occur. In contrast, only 
elastic collisions can occur for ion-atom collisions. Inelastic collisions with 
ions are unlikely and are negligible for Stark broadening of RRLs. Inelastic 
collisions with electrons cannot occur for atoms with low n values and, 
therefore, can not broaden recombination lines in the optical range. 
Greim (1967) produced a revised theory of impact broadening 
specifically directed toward RRLs. For impact broadening by ions, Greim 
(1967) neglects the inelastic collisions to obtain an expression for the "ion" 
width of an RRL, 
AV -H. 
n \ 2nm \kT ' 
3 2 , f2n 
-+—In — 
- + ln 
2 
A. m IkT 
n h\ M 
(3.1.25) 
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Dependence of Stark broadening on level number, Ion density and 
temperature can be given as, 
, 6.7*10~' 
AV, ^-p—iVyin(l72«)[ln(9.4*10-'«'V^)] (3.1.26) 
in units of Hz when H\ is in units of cm'^ and Tg, in Kelvins. 
For the interaction of the highly excited atoms with electrons, the 
inelastic collisions are the most important. The inelastic contribution 
(Greim, 1967) is, 
, 1 0 / >.~5/2 /?" , . 4 
(3.1.27) can be written as, Griem (1974). 
- + ln 
2 
(3.1.27) 
A K 
5.16*10-" 
. ' • ' y ln(8.25*10-"r,») (3.1.28) 
The ratio of (3.1.26) to (3.1.28) is « 1 for 20<n<200 for Ni = Ng and Tg = 
10^ K, indicating that only inelastic electron collisions are important for 
Stark broadening of RRLs from HII regions. 
Using the transition rates of Gee et al. (1976), approximate 
expression for the RRL broadening by electron by electron collisions in Hz 
when Ngis in units of cm'^ Smirnov (1985). 
Ayl=S.2N^ 
,100J I, 2 n ) (3.1.29) 
The factor y is the growth rate of RRL collisional broadening as a function 
of n. In the range N= 100-200, y increases while temperature decreases, 
but the value of its variation, A y, is small. For example, A y <0.16 when 
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temperature decreases from lO'* to 5x10^ '^  and the average value of y is 
4.5. The overall result is that inelastic electron collisions dominate the 
Stark broadening of RRLs. According to Smirnov (1985), the Stark-
broadened profile of RRLs may be considered to be Lorentzlan with 
accuracy sufficient for practical use. 
3.2 Theory of Non Local Thermodynamic Equilibrium 
Intensities of radio recombination lines are a consequence of 
departures from thermodynamic equilibrium. The excitation temperature, 
Tex that describe the relative population of the bound quantum levels are 
not the same as the temperature, Te, of the ionized gas of the nebula, 
(Goldberg, 1966). The exponential of the Boltzmann distribution is 
equated to a corrected form involving, Te 
e-"^/*^" = Ij^e-'"^'^' (3.2.1) 
where, bn is ratio of the actual number of atoms in a level n to the number 
which would be there if the population were in thermodynamic equilibrium 
at the temperature of the ionized gas. This is given as, 
(3.2.2) 
and, N'„=N^N^ —/" (3.2.3) 
The relative level populations are given by non LTE form of Boltzmann 
formula as. 
r* 
« 
K 
 K , 0)^ h' 2 {InnrnkT^f^ 
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A'^ ^ b^ rn, n _~m ~[n_g-hv/kT, _ 
N„ b„ m„ 
W „ -hvlkTe. 
— - e 
where, ru is the statistical weight of the subscripted level. 
The line absorption coefficient for an RRL is, 
K,=^Q>AN„B„,„-N^B„„] 
An 
using equation (3.2.4) it may be written as, 
(3.2.4) 
(3.2.5) 
(3.2.6) 
where. n.m n,m 
n.m 
Using equation (3.2.2-3.2.6), it may be written as. 
K, = K, 
1 - jn_p *^' 
1 - e 
«'^ A 1- kZ d^K . ) hv dn An 
= <bj 
for hv « kT 
for hv « kT 
{Z2.1) 
(2.3.8) 
(3.2.9) 
P =K 
1 -
hv 
1 - e 
hv 
kT, 
«6„ 1-
kTdlnb. 
hv dn 
^An (3.2.10) 
where, x-^*: the LTE form is given as, 
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K[ = nhe ^ r ^ r l r ^ „ „ „ / ' v 2 r ' I1.^\n „-hvlkT {InmkTf 
The emission coefficient is, 
7rA^eA^,«V„,„0,exp(Z^£„/^r)(l.-e--"") (3.2.11) 
which may be written as, 
A=^;6A(7;). 
(3.2.12) 
(3.2.13) 
Oh ^ 
where the Plani<-function , 5, =—^(e'"'"'' -\\ 
c ^ ' 
The source function. 
S^7jB^{T^) , where 
(3.2.14) 
(3.2.15) 
l + 6„ 
77 = K'^C J 
\ + b_ ^K;^ 
K'^C J 
P 
(3.2.16) 
K^ is the continuum absorption coefficient and jc the continuum emission 
coefficient. 
Continuum Emission 
Continuum radiation is a mixture of thermal emission from heated dust 
particles and "free- free" emission or Bremsstrahlung (braking radiation) 
from unbounded charged particles. With regard to RRLs, the free-free 
emission is the more important. This emission measures the amount of 
/ ^ ^ • ^ - ^ 
A 
• >> 
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ionization, for example in the Hi! region. Tlie ratio of the line emission in 
> 
the RRLs to the continuous free-free emission can be a good measure of 
the thermodynamic state of the gas. It indicates the ratio of unbound to 
bound electrons. 
Continuum Absorption Coefficient (Kr) 
The calculation of KC require modeling not only the electrical interaction 
between two charged particles but also the velocity distribution of the 
particles, classically the encounter of two moving charged particles 
involves changes in their directions-either toward each other for unlike-
charges or away from each other for the like- charges. 
Emission in the radio range involves more distant encounter where the 
Coulomb forces are weaker, the acceleration are much smaller, and the 
particles can be considered to continue moving in almost a straight line. 
The free-free absorption coefficient is determined by integrating the 
emission produced during each encounter over the velocity distribution of 
the particles, which is usually taken to be Maxwellian. 
An expression for the free-free absorption coefficient valid for the 
Rayleigh-Jeans-usually the radio-domain (hv«kT), 
Kc=[^.}^Jv'){%z\'M'm\)\^ {mlkTf(g) (3.2.17) 
where Ne and Ni are the volume densities of electrons and ions, 
respectively. The factor <g> is the Gaunt factor averaged over a 
Maxwellian velocity distribution characterized by the kinetic temperature T. 
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The choice of the Gaunt factor depends upon the environment. For 
temperatures less than 550,000K (classical approximation 
{g>«>/3/;rln {2kT//m) 3/2 m 
Ttyze V 
(3.2.18) 
and for, temperatures greater than 550,000K, (quantum effects) 
{g>«N^/;r ln[(4^rMr)] (3.2.19) 
where, y is the Euler's constant in the form exp (0.557)=1.781. 
Both approximations for the Gaunt factor apply only when the wave 
frequency greatly exceeds the plasma frequency, or V » 1 0 ' ' J A ^ HZ, 
which is the usual situation for radio waves (from HI I regions). 
Using appropriate Gaunt factor, equation (3.2.17) becomes, 
/f^= 9.770 * 1 0 - ' - r ^ 
c V r^ 
17.72 +In 
2^3/2 
(3.2.20) 
K-f. in cm"\ densities in cm'^, T in Kelvins and v in Hz. 
Altenhoff et al. (1960) suggested a simple approximation in units 
appropriate for many radio astronomical observations, 
0.08235iV„A .^ 
K (3.2.21) 
where v is in units of GHz; Ne in units of cm'^; Te, in units of Kelvins; and 
/Q,, in units of pc"\ 
The numerical version of equation (3.2.20) in CGS units is, 
0.2120iV,iV, 
Arc«- 2.1T'1.35 
v''T 
(3.2.22) 
to give K^ in units of cm"^  when v is in units of Hz 
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Under conditions of low radio frequency and low temperatures, eqs. 
(3.2.19) and (3.2.20) no longer hold good. Oster (1970) gives expressions 
appropriate for a range of low temperatures and wave frequencies. 
Continuum Enfiission Coefficient 
Kirchoffs radiation law gives the emission coefficient for the continuum 
emission per unit volume as, 
Jc=^cBAT) (3.2.23) 
where B^ (T) is the Plank Radiation Function. 
3.3 Statistical Equilibrium 
The statistical equilibrium is set up to deduce the departure 
coefficients (bn) for a particular electron density Ne and temperature Te. 
The line strength and absorption coefficient of the gas depend critically on 
the relative populations of the atomic energy levels. In order to determine 
the population Nn of the excited state n, we work with the equation of 
statistical equilibrium in a time independent form. 
The most important processes affecting the level populations are; 
1. Spontaneous transition to lower level N Y A 
2. Cascade from higher level { Z N A 
\m}n 
3. Induced transitions by continuum radiation N B J ,N, .B,. I, 
4. Collisional ionization and three body recombination N^C^,,n^N,C,„ 
5. Collisional transition N C . N C . 
n n,n±n ' n±n n±n .n 
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6. Radiative recombination («.^,«,„) 
7. Redistribution of angular momentum by collisions 
(//" + //(«,/)) ^ / / ( « , / ! / ' ) + //" 
We expect here the collision frequency high enough so that 
substantial redistribution of population among I states will occur. The 
validity of this particular assumption has been discussed by Pengelly & 
Seaton (1964), Brocklehurst (1971) and Seaton (1980). Hence it is 
reasonable to assume that Nni, the population of states nl, will be related 
to the level population Nn by its statistical factor, 
^ „ , = ^ : N„='^N„, (3.3.1) 
which makes it possible to solve for level n. With the above assumptions, 
the equation of statistical equilibrium for the population of level n, Nn (cm'^ ) 
is written as, 
(3.3.2) 
Z KA„.n + Z [K.. {B„,„;J + C„,„, „)] + n,N, (a,„ + C,,„) 
the left hand side represents the depopulation and the right hand side the 
population of level n. 
It is convenient to introduce the departure coefficient bn, defined as 
the ratio of the actual population Nn to its value in local thermodynamic 
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N 
equilibrium Nn as defined earlier i.e. b„ =—r. where, 
K="A^ T^'" (3-3.3) 
^ {inmkT^y 
Nj is the ion density and Ne the electron density, 
X „ = ^ (3.3.4) 
Introducing bn factor and defining, 
t ^ „ ( ^ ) = S n (3.3.5) 
where. 
w 
K (1) = -TK.. ^ ^ ' " - " -'" (B„-„.J. + C„.„,,„) (3.3.6) 
K{2) = b„ Z 4 , . . + Z (^ «.«±"'^ .'+<^"."±"')+<^".' (3.3.7) 
K (3) - - Z ^ . „ . - ^ e - - -" (5„,„,„/, + C„,„,,„ + A„^„,„) (3.3.8) 
In the above equation Am.n is the Einstein coefficient for spontaneous 
transition between upper and lower level n respectively, 
"^"" = 1^^' 3 f t ' " .N ^1-57*10'° 3T^r".^sec-' (3.3.10) 
where gm,n is the Kramer Gaunt factor given by Summer. 
g„,„=l.O-T,{T,G,+T,G,+T,G,) (3.3.11) 
where 
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G> = 
f 0 256 0 257^ 
0.203+-^^+^i:=f^ V m fn j 
G2=0.170m + 0.18 
^ 3 = 
^^^^ , . 0.1554 0.370 "l 0.2214+ ^—+ — \m 
\ m m ) 
T^ = (2« -m) (« -m + l) 
r 2 = 4 . 0 ( « - l ) ( w - « - l ) 
13 =(2«-w-.001) («-0.999) 
(3.3.12) 
(3.3.13) 
(3.3.14) 
(3.3.15) 
(3.3.16) 
(3.3.17) 
T,= 
1 f /w- lV 
(w-1.999) 2 2 
(3.3.18) 
The Einstein coefficient B is 
^^nhvty (3.3.19) 
The frequency of transition m->n 
m,n 
Z'l, ( 1 1 
h W m' (3.3.20) 
For n » 1 & \m-n\«n it is approximated as 
v„- =6.58A« 
V n 
GHz A«= w - n (3.3.21) 
The lines are referred as na.np&ny For An=1, 2, 3, 
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For the clouds in question the radiation density I y for thermal radiation 
field at frequency v is obtained from equation of transfer to give, 
^y "v 3 e''' -1 (l-e-'C')) (3.3.22) 
W^ is the dilution factor taken to be equal to 0.5 , since the medium in 
question most often occurs very close to HI I region, r^ (HI I) is the optical 
depth of the thermal radiation source HII at temperature Tr, 
s 
% = JK^ds (3.3.23) 
0 
where S is the path length through the medium. The optical depth r^  is 
determined from the temperature Tr and emission measure Er (pc cm"^ ) of 
the HII region, where the radiation is originated. It is taken as (Salem, 
1975): 
_7 _3 .047993V 
-1 /(v) (3.3.24) 
where v is in GHz & V = 0.6529+-log V-log r. 
log7(v) = -1.1249V+ .3788 for 
log/(v) =-1.2326V+ 0.0987 for 
log/(v) = -1.0842v + 0.1359 for 
V < -2.6 
-2.6 < V < -0.25 
V > -0.25 
33 
The collision ionization rate is taken from Seaton (1964), 
Q =3.45*10-'A^^-^e-^" (3.3.25) 
and this rate is related to three body recombination rate Cin by detailed 
balance as, 
NAC„,,=N:C„^. (3.3.26) 
the radiative recombination coefficient Oj.nis given by Seaton(1959), 
a,„=2.06*10"(—p);rAW (3.3.27) 
where A=n^ Xn, & function XnSn(A) has been calculated and tabulated by 
Seaton (1959). 
We use de-excitation rates of Gee et.al. (1976) which are accurate over a 
wide range of energies including particularly the difficult low -energy 
region. The cascade term, Y b^^^e'^- ^M„Js evaluated for Am,n up to 
m>n-¥n '' n 
m=high N. Above N we use bn=1 &use the relation obtained by integral 
(Seaton 1964), viz. 
m=N+\ "„ 
Xm Xn A^ = 7.87*10'^ 
n'e'" 
—VIn 
(N + lf 1- ^ n' {N^lf 
n 
(^+0 
(3.3.28) 
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and, 
8=\{gn.,„+g...) (3-3.29) 
To find bn factor for a particular level n, we calculate contributions from 
n'=40 i.e. n±40 levels. We use the formalism of Brocklehurst &Salem 
(1977) and Walmsley (1990) that is of matrix condensation method with 
little modification to include the effect of infra-red radiations from dust 
grains of associated HII region. The electron density, 
^.(^) = Z<(^)+ Z "{') (3-3.30) 
X X,molecules 
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CHAPTER -4 
4. Intensity of Radio Recombination Lines 
/(Ol 
The intensity of radiation along a line of sight through the medium towards 
the observer where it is strengthened or weakened by the incremental 
amount dl in each distance interval dx or dz. The rate of change of the 
intensity is governed by the equation of transfer, 
dz 
(4.1) 
where j^ and K^ are the emission and absorption coefficients for the line 
and the continuum. The emergent intensity in the absence of background 
radiation along a particular line of sight can be written as (Brocklehurst 
andSeaton, 1972), 
j^e L' ' Wz (for the continuum) (4.2) 
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and, 
s 
I^ +1^ = J(y_f + ycyr.-'iuHu)^^ (for the line plus continuum) (4.3) 
0 
where S is the distance along the line of sight measured from the farthest 
part of the cloud to the observer. Here, j^ and J^; are the continuum and 
line emissitivities, ,y and / (z) are the continuum and line optical depths, 
r, is the total continuum and line optical depth over the whole cloud. / is 
the total continuum optical depth. 
In the presence of background radiation, the line plus continuum 
intensity may be written as, 
It +1^ = ](jt + J^ y^"'^'^"'^'^dz - /„ y'^"^^K^ (z) dz (4.4) 
0 0 
Here lo is the background intensity. A similar term of attenuated 
background radiation will appear in I^. 
The line intensity along a particular line of sight in the presence of 
background radiation may be written in the form, 
s s 
0 0 
Here A:^  is the continuum absorption coefficient and K^ is the total 
continuum plus line absorption coefficient. For the transition m-^n the line 
coefficient are given by, (Brocklehurst and Seaton 1972) 
and, 
where, ^„ „ is the line profile. 
These equations may be written as. 
and. 
here. 
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(4.6) 
.^7 =• 8;rv' 
n m 
n m 
W A d> 
m m,nTn,) 
(4.7) 
j':=hyb„N:^<t>„^„=bj: (4.8) 
.^7 =-8;rv 
AT 2 n h 
W 
jjr fn,nT n,m n* v (4.9) 
P = 
b„ (4.10) 
<'=N,N, ne 
2 /^  .2 \^l^ 
mc y 2nmkT^ j 
n\^"l"'[\-e-'-l"')f„J„^^ (4.11) 
The oscillator strength / „ „ f o rn»1 and A« = jw - AJ| <sc« is given by, 
(Menzel, 1968) as. 
J n^n. 
= K^Atl) , 3 A« 1+ +. 
2 « 
(4.12) 
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where, 
;t(l) = 0.1908, 
Ar(2) = 0.02633, 
Ar(3) = 0.00810 
Here the line profile is determined by Doppler broadening only and 
expression (43) is simplified to, 
ic'''=\.0\*\0*Z\n ^lr;'/^Av;'e'"«,7V, (4.13) 
\ " J 
Av^(in KHz) is the line width at half maximum intensity. 
The expression for continuum absorption coefficient is the same 
as defined earlier. 
The emissivities are related to the absorption coefficient as, 
C^BX' (4.14) 
Jy=BX 
where the Plank-function ,B^ =^(e*^/*^ ' - i ) ' 
In the absence of background radiation, the intensity within the line 
(line plus continuum) for homogeneous (using equation 4.4) may be 
written as, 
I,=I,'+I^=S(\-e-''-'^) (4.15) 
where, 
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or, 
S = ?jBAT^) (4.17) 
where, 
rj = ^ (4.18) 
For the intensity of line, 
It =1,-1^ =rjB^iT,)il-e-'^)-B^iTJ(\-e-'-) (4.19) 
here, T^ = T^+TI; 
Substituting for the various line coefficients as given above and applying 
Rayleigh-Jean's approximation under non-LTE condition, we obtain for the 
line brightness temperature from, 
s " s " (4.20) 
0 0 
To is the background continuum temperature. 
If the distance is measured along the line of sight from the closest 
part of the cloud to the observer then 
0 0 
-T,e-^\(b^^'c:^+K^)y'-'dz-]T^K^e-''dz 
(4.21) 
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For (hv/kTe) « 1 , (4.10) becomes, 
IrT f A ^ 
(4.22) 1 - ^ hv I - i V Kj 
The expressions for TLb in tlie absence of background radiation and 
homogeneous medium reduces to, 
T^=riT^{\-e-'')-T^{\-e-'') (4.23) 
the same form as given by Dupree (1974), Hoang-Binh and Walmsley 
(1974), and Rickard et al. (1977), for isothermal, homogeneous and 
optically thin cloud. For the foreground part of the cloud the continuum 
temperature is that of HII while for background part it is taken to be 2.7 K. 
The theoretically predicted brightness temperature discussed so far 
are true only to for an initially small solid angle dQ. . However owing to the 
finite angular resolution of a radio telescope, an integrated value of line 
temperature over the antenna solid angle is always observed. Therefore, 
in order to use the theoretical relation developed above, we must relate 
TLb to the observed line temperature TAL- If we define HB the main beam 
efficiency,/(f2) the main beam power pattern, r^(Q) the actual 
brightness temperature distribution of the line emission, and Q^ the main 
beam solid angle then, (Churchwell 1970, Qaiyum 1976) 
T,, = — = 7 ^ J r , (Q) / (Q) jQ (4.24) 
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The main beam solid angle is defined by, 
Q,= j f{n)ciQ (4.20) 
mainbeam 
This Q is proportional to the product of half power width (HPW) 6,.. and 
e„ of the electronic and magnetic planes of the main beam respectively. 
The actual source solid angle can be given by, 
Q , = ^ j r,(Q)JQ (4.25) 
L source 
where Tu is the maximum value of the brightness temperature distribution 
T^ (Q). The effective source solid angle is, 
^s=Y | 71(Q) / (Q)^Q (4.26) 
L source 
Combining the expressions (4.25) and (4.26) we get, 
Tu, = '^ = ^T, (4.27) 
As discussed earlier the value of - ^ depends upon the type of beam 
used. 
For, Q5 » C2j5, 
Tu, = T, (4.28) 
For, Q5 «; Q g , 
Ta,=T,^ (4.29) 
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The ratio of beam width and angular diameter is considered here as 
the function of beam width after Panagin and Walmsley (1978). 
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CHAPTER -5 
5. Result and Discussion 
Now it is established fact that almost all the regions emitting radio 
recombination lines are not in Thermodynamic Equilibrium. Therefore, for 
the calculation of line intensities or line brightness temperatures lit the 
important factors are (1) correction to level populations bn, known as 
departure from thermodynamic equilibrium as defined in equation (3.2.2), 
and (2) correction factor to the Plank function n for finding source function, 
which is defined in equations (4.1 and 4.18). n involves a line maser action 
pn defined by the equations (4.10 and 4.22). For the calculation of 
departure coefficient as well as maser action statistical equilibrium are 
discussed in section 3 of Chapter 3. The radiative and collisional 
processes are also discussed. 
A preliminary calculation for bn factor and maser action |3n is 
performed for temperatures Te =10^, 10^ and 10^ K and variety of electron 
densities (10'^,1,10^, lO'*, 10^, and 10^ cm'^). These results have been 
presented in Figures 1, 2, 3, and 4. Further a preliminary calculation for 
line brightness temperature has also been performed and result presented 
in this work in Figures 5 and 6. 
The Figurel representing departure coefficient from thermodynamic 
equilibrium shows asymptotes to illustrate physics involved with the 
radiation processes. In a dense medium where the collision rates 
dominate the level populations, the departure coefficient will be near to 
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unity because the electron temperature Te accurately characterizes the 
level populations of the bound levels. This can be seen from the equation 
(3.2.1) also, On the other hand in the cool and low density medium the 
radiative processes dominate, the temperature Te no longer characterizes 
the populations well, and departure coefficient lie below 1. As the 
principal quantum number becomes smaller, the effective electronic radius 
decreases, the target area of atom decreases reducing the collisional 
rates, as a result departure coefficient decreases from unity towards the 
radiative asymptotes. With respect to changes in density, the transition 
region between collision domination and radiative domination moves to 
the lower principal quantum numbers as density increases and collision 
rates become increasingly effective. 
Figures 2, 3, and 4 are also instructive. If we compare Figures 2 
and 3 which are for the same temperature and different electron densities 
it is apparent that largest correction for stimulated emission - and, 
correspondingly, the greatest line amplification - occurs for the lower 
densities. This results from the slope of departure coefficient d ln(n)/dn 
being inversely weighted by the photon energy h v in the correction term 
pn. For better understanding of Physics it is to think of the derivative term 
as relative population gradient with respect to energy between levels that 
is d ln(n)/dEn because hv dn = dEn. This is why |/?„| is largest at principal 
quantum numbers larger than hose where dbn/dn maximizes for a given 
density as seen in Figure 1. 
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From the Figures 2, 3 and 4 it is also quite clear that high frequency 
(involving low principal quantum numbers) radio recombination lines can 
only be observed from the region where density is sufficiently high and the 
medium is compact. This has been confirmed from the radio 
recombination lines from the nuclear region of starburst galaxies by Zhao 
et al. (1996) and ARECIBO observations of Formaldehyde and radio 
recombination lines towards ultra compact HII regions by Araya et al. 
(2002) near THz. Contrary to that for low frequency radio recombination 
lines (involving high principal quantum number) amplification factor is high 
and these line are emitted from cool and tenuous gas. Konovalenko et al. 
(2002) covered a range from n= 166 to 868 towards Cas A with the 
highest bound states n=868 near 20 MHz and Stepkin et al. (2007) 
observed radio recombination lines from the largest bound atoms in space 
towards Cas A with the highest bound state of n= 1009 near 16 MHz. 
Further calculation for line brightness temperature has been 
presented in Figures 5 and 6. Although our calculation is preliminary in the 
nature that no specific model for any line emitting region has been 
performed but from the calculations it is evident that high frequency radio 
recombination lines are emitted from hot dense and compact object and 
low frequency radio recombination lines are emitted from cool and 
tenuous gas as discussed in the preceding paragraph. From these 
calculation it may be specified that radio recombination is one of the tool 
for probe of the macro world of the Astrophysics i.e. structure and physical 
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conditions inside the line emitting region and also micro world where the 
largest bound states of the atoms are involved. 
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FUTURE PLAN 
A preliminary calculation for departure coefficient and line 
brightness temperature has been presented in the Chapter 5. Presently no 
attempt has been made for model building or probe of the physical 
conditions inside line emitting regions using observational data. For the 
model calculation of hot dense as well as cool tenuous gas we are 
planning the following: 
(1) Scope of present computer code is limited in the sense that 
calculation for the departure coefficient or maser action can only be 
performed for the levels from n= 20 to 430. Since observational 
data for radio recombination lines are available beyond n=1000. 
Therefore, it is required that computer code be modified to include 
levels from n=10 to 1500 for the calculation of departure coefficient 
and maser action. 
(2) A model calculation has to be performed for hot and cold tenuous 
gas towards supernova remnant Cas A and hot & ultra compact 
objects Apr20, M82 and M83 nuclear regions of star burst galaxies. 
(3) Observational data of hyperfine transitions of atoms and ions, and 
rotational transitions of molecules are available from diffuse as well 
as dense regions lines. A numerical code has to be developed for 
the calculation of hyperfine and rotational line intensities emerging 
from dense and tenuous gas. Observations are available specially 
for CM (^ P3/2 - ^Pi/2) and CO molecule from the regions where radio 
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recombination lines are formed. Interpretations and model 
calculation of such gaseous plasma will supplement the results 
obtained using observations of radio recombination lines. 
(4) It has been observed that generally HII regions are isothermal and 
homogeneous for which no calculation is required to obtain the 
thermal as well as chemical structure for the calculation of radio 
recombination lines. Its interpretation is easy. But in general it is 
found that the clouds associated with the HII regions in 
neighborhood of evolving stars or young stars are not 
homogeneous and isothermal. For such clouds calculation for each 
step has to be performed for obtaining temperature as well 
chemical abundances of the elements. 
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